nature neurOSCIenCe a r t I C l e S The processing and integration of information in the brain depends on cell-to-cell communication. Synapses, the sites of communication, are specialized asymmetrical connections between neurons that allow for the efficient transfer of information. Synaptic formation, structure, maturation and maintenance are sustained by a multifarious network of bidirectional cellular adhesion molecules that span the synaptic cleft, aligning the presynaptic active zone and postsynaptic density. In humans, alterations that perturb these cellular organizers are implicated in cognitive disorders, highlighting their critical roles at the synapse. Arguably, the best-characterized synaptic cell adhesion molecules are the presynaptic NRXNs and postsynaptic neuroligins 1-5 . The trans-synaptic heterophilic interaction between the extracellular domains of neuroligins and NRXNs can induce synapse formation and maturation [6] [7] [8] [9] [10] [11] .
a r t I C l e S
The processing and integration of information in the brain depends on cell-to-cell communication. Synapses, the sites of communication, are specialized asymmetrical connections between neurons that allow for the efficient transfer of information. Synaptic formation, structure, maturation and maintenance are sustained by a multifarious network of bidirectional cellular adhesion molecules that span the synaptic cleft, aligning the presynaptic active zone and postsynaptic density. In humans, alterations that perturb these cellular organizers are implicated in cognitive disorders, highlighting their critical roles at the synapse. Arguably, the best-characterized synaptic cell adhesion molecules are the presynaptic NRXNs and postsynaptic neuroligins [1] [2] [3] [4] [5] . The trans-synaptic heterophilic interaction between the extracellular domains of neuroligins and NRXNs can induce synapse formation and maturation [6] [7] [8] [9] [10] [11] .
Neuroligins are postsynaptic proteins that contain a single transmembrane domain, a large extracellular acetylcholinesterase-like domain and a short cytoplasmic tail (c-tail) that includes many protein-protein interaction domains 5, [12] [13] [14] [15] . Rodents express four neuroligins (NL-1 to NL-4). Despite high sequence conservation among isoforms, subcellular localization and expression patterns vary among neuroligins 16 . NL-1 is localized predominantly to excitatory synapses, whereas NL-2 is confined primarily to inhibitory synapses 6, 8, 9, 17, 18 . In contrast, NL-3 is expressed at both types of synapses. NL-4 is enriched at glycinergic synapses, with initial studies having focused on the retina 19, 20 .
Consistent with the localization of NL-1 at excitatory synapses, overexpression of NL-1 increases evoked excitatory postsynaptic currents (EPSCs) and synaptogenesis 6, [21] [22] [23] [24] . Moreover, NL-1 has been shown to be involved in diverse forms of synaptic plasticity across species [25] [26] [27] [28] [29] [30] . NL-1-mediated synaptic potentiation is diminished after chronic blockade of NMDA receptors (NMDARs) or CaMKII, suggesting that the function of NL-1 is influenced by NMDAR signaling 21 . Although the regulatory mechanisms of NL-1-mediated, activity-dependent synaptic enhancement are poorly understood, previous reports have implicated the c-tail in the proper trafficking of NL-1 to the synapse, although its terminal PDZ ligand is not essential 7, 31 . Moreover, induction of synaptic plasticity upregulates the surface expression of NL-1 (ref. 32 ). In addition, high-frequency stimulation increases the mobilization and number of NL-1 clusters in cultured hippocampal neurons 33 . Taken together, these results strongly suggest that NL-1 trafficking and subcellular localization are governed by synaptic activity, but the underlying mechanisms have remained elusive.
Protein phosphorylation is a principal and swift regulatory mechanism in the organization and functional modulation of receptors at the synapse 34 . CaMKII is a major component of the excitatory postsynaptic density and a critical mediator of synaptic plasticity. CaMKII-mediated phosphorylation acutely regulates the function and trafficking of postsynaptic substrates in response to synaptic activity 35 . Although NL-1-mediated synaptic potentiation depends on CaMKII activity, the direct phosphorylation of NL-1 by CaMKII has not been reported.
Here we show that NL-1 is a direct substrate of CaMKII and identify a phosphorylation site, T739, in the intracellular c-tail of NL-1 that is RESULTS NL-1 is phosphorylated at T739 by CaMKII in vitro NL-1-mediated potentiation of synaptic transmission depends on CaMKII 21 . Might NL-1 be a substrate for CaMKII? The intracellular domain of NL-1 contains several serine and threonine residues that could potentially be phosphorylated by CaMKII (Fig. 1a) . An in vitro kinase assay with CaMKII, [γ- 32 P]ATP and engineered glutathione S-transferase (GST) fusion proteins containing the c-tail of NL-1 (amino acids 718-843) or GluA1 (positive control) revealed that NL-1 was robustly phosphorylated by CaMKII as assessed by radiography (Fig. 1a,b) . Phosphorylation of NL-1 and GluA1 by CaMKII displayed similar reaction kinetics and were run to saturation (Supplementary Fig. 1a,b) . We also evaluated phosphorylation by CaMKII on the c-tails of NL-2, NL-3 and NL-4 and found that NL-2 and NL-3 were not phosphorylated, whereas CaMKII phosphorylated human NL-4, albeit at a much lower level than it phosphorylated NL-1 (Fig. 1c) , thus indicating that NL-1 is the best neuroligin substrate for CaMKII.
To identify the individual phosphorylated site(s), we generated point mutations of serine/threonine residues on NL-1 that are not conserved in NL-2 and NL-3 and discovered that mutating T739 to alanine (T739A) markedly reduced phosphorylation by CaMKII (Fig. 1d) , whereas similar mutations of neighboring threonine residues had little or no effect.
Neither cyclic AMP (cAMP)-dependent protein kinase A (PKA) nor cAMP-dependent protein kinase C (PKC) phosphorylated NL-1 in vitro as robustly as did CaMKII (Fig. 1b) . Furthermore, to detect whether PKA or PKC are able to phosphorylate NL-1 T739, we analyzed GST-NL-1 after in vitro kinase reactions using liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS) and found that only CaMKII phosphorylates T739 (Fig. 1e-g ). Additionally, using the LC/MS/MS method, we found that CaMKII phosphorylates the threonine in human NL-4 (T718) that is analogous to rodent NL-1 T739 (data not shown), which is not surprising considering the conservation of the CaMKII consensus sequence in human NL-4 and mouse NL-1 (Fig. 1a) . Taken together, these results indicate that NL-1 T739 is the dominant and CaMKII-specific phosphorylation site in the Supplementary Figure 4 when applicable. npg a r t I C l e S intracellular tail of NL-1 and is not conserved in other excitatory synapse-specific neuroligins.
T739 phosphorylation is regulated by CaMKII in situ
To monitor the phosphorylation of NL-1 T739 in vitro and potentially in vivo, we generated a phosphorylation state-specific antibody, pT739-Ab, against residues 735-744 (Fig. 1a) . We tested the specificity of pT739-Ab with an in vitro kinase assay in which we incubated GST-NL-1 (wild type or T739A), GST-NL-2, GST-NL-3 and GST-NL-4 c-tail fusion proteins with ATP and CaMKII. We resolved the proteins by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and immunoblotting revealed that the phosphorylation state-specific antibody specifically recognized only the NL-1 c-tail that is phosphorylated at T739 (Fig. 2a) . Notably, the nonphosphorylatable mutant (T739A), as well as the other neuroligin isoforms that we subjected to the same in vitro kinase assay, showed no immunoreactivity with pT739-Ab, highlighting the specificity of pT739-Ab for NL-1 phosphorylated at T739. It is noteworthy that phosphorylated human NL-4 was not efficiently detected by pT739-Ab, which reveals that either NL-4 T718 is not robustly phosphorylated by CaMKII or pT739-Ab is indeed specific for NL-1 phosphorylated at T739. Regardless, the CaMKII consensus sequence (RXXT) in NL-1 and human NL-4 is completely divergent in rodent NL-4 and therefore would not be detected in rodent lysate preparations and is not a concern in this study 36 . We chose human NL-4 for analysis, as it is used exclusively in the literature because of its implications in cognitive disorders 5 .
To test whether the full-length NL-1 protein is phosphorylated in intact cells and modulated by CaMKII activity, we transfected wildtype NL-1 or NL-1 T739A in COS cells. Immunoblots of cell lysates probed with pT739-Ab indicated that NL-1 was phosphorylated at T739 under basal conditions and that no signal was observable with the phosphodeficient mutant (Fig. 2b) . However, after cotransfection with a constitutively active form of CaMKII (T286D) or after incubation with KN93 (a CaMKII inhibitor), the basal-level phosphorylation of NL-1 T739 robustly increased and decreased, respectively (Fig. 2b) . We observed analogous regulation in HEK293T cells, another non-neuronal mammalian cell line (Fig. 2c) .
T739 phosphorylation is regulated by synaptic activity
The in vitro and in situ results described thus far demonstrate that CaMKII can phosphorylate NL-1 at T739. To test whether this phosphorylation occurs in neurons, we measured NL-1 T739 phosphorylation in cultured cortical neurons after 21 days in vitro (DIV) and found a specific band at approximately 120 kDa, which is the estimated molecular weight of full-length mature NL-1 (Fig. 3a) , indicating basal phosphorylation of this site in neurons. The band was substantially reduced when we pre-infected cultures with a lentiviral short hairpin RNA (shRNA) against NL-1, demonstrating the specificity of the antibody in neurons. Notably, total NL-3 protein levels were not reduced, underscoring the specificity of the NL-1 knockdown.
To examine whether T739 phosphorylation is modulated by synaptic activity, we enhanced synaptic activity by treating cortical cultures with bicuculline (BCC), a GABA A receptor (GABA A R) antagonist, for 2 h, which induced a sevenfold increase in NL-1 T739 phosphorylation relative to treatment with a dimethylsulphoxide (DMSO) control (Fig. 3b,c) . The induction of phosphorylation with BCC was efficiently blocked with a 1-h pretreatment of AP5 (d(-)-2-amino-5-phosphonovaleric acid) and NBQX (6-nitro-2,3-dioxo-1,4-dihydrob enzo[f]quinoxaline-7-sulfonamide), which are NMDAR and AMPAR antagonists, respectively (Fig. 3b,c) , thus indicating that NL-1 T739 phosphorylation is dynamically regulated by changes in neuronal activity. Notably, BCC treatment also caused a reduction in total NL-1 protein that was prevented with AP5 and NBQX pretreatment (Fig. 3d) , a likely result of NL-1 N-terminal shedding, as has been observed previously 37, 38 .
Next we explored whether CaMKII phosphorylates NL-1 T739 in neurons. To examine this possibility, we used a knockdown approach in cultured cortical neurons and found that a 75% reduction in CaMKII levels resulted in a 60% reduction in T739 phosphorylation levels without effecting total NL-1 levels ( Fig. 3e-g ). Taken together with our in vitro and in situ results, this finding indicates that CaMKII is the dominant kinase that phosphorylates NL-1 T739 in neurons.
To investigate whether T739 phosphorylation occurs in vivo, we immunoprecipitated phosphorylated NL-1 from wild-type and NL-1 knockout brains and detected a 120-kDa band in the wild-type brain only (Fig. 3h) . This band indicates that a subset of endogenous NL-1 is phosphorylated at T739 in an intact mouse brain. Collectively these data highlight that NL-1 T739 is phosphorylated in live animals and dynamically regulated by synaptic activity in neurons. npg a r t I C l e S NL-1 T739A reduces functional synapses Does T739 function in the trafficking of NL-1 to the cell surface? We examined the surface expression of NL-1 (wild type or T739A) expressed in cultured hippocampal neurons with immunofluorescence confocal microscopy. As previously described, we performed these experiments on a triple knockdown background to reduce the levels of endogenous neuroligins using exogenous chained microRNAs against NL-1, NL-2 and NL-3 (NLmiRs) to prevent the potential masking of neuroligin mutation phenotypes by dimerization with wild-type protein 23 . We labeled surface and intracellular receptors with an anti-hemagglutinin (anti-HA) tag that was inserted downstream of the signal peptide on NL-1. Notably, T739A greatly reduced the surface expression of NL-1 ( Fig. 4a,b) , suggesting that phosphorylation regulates the forward trafficking or stabilization at the plasma membrane of NL-1. Does T739 phosphorylation function in NL-1-mediated synaptogenesis by regulating NL-1 surface expression? To examine this possibility, we used immunofluorescence confocal microscopy and coexpressed NL-1 (wild type or T739A) or GFP with NLmiRs in cultured hippocampal neurons and assayed endogenous VGLUT1 and PSD-95, which are presynaptic and postsynaptic markers, respectively. Knockdown of endogenous neuroligins nearly eliminated VGLUT1 and PSD-95 staining, which resulted in a profound decrease in colocalization of these synaptic markers, an anatomical measure of synapse number (Fig. 4c-f) . Given the time course of knockdown in a developing neuronal culture, these results are consistent with a role of neuroligins in synapse assembly or maintenance. T739A expression only partially rescued VGLUT1 and PSD-95 recruitment and colocalization but did so to a consistently lesser extent than did expression of NL-1 ( Fig. 4c-e) .
Moreover, when we compared miniature postsynaptic currents (mEPSCs) in cultured hippocampal neurons transfected with NLmiRs and NL-1 (wild type or T739A), T739A did not enhance the mEPSC frequency, as we saw with expression of NL-1 (Fig. 4g,i) . In agreement with previous results, knockdown of endogenous neuroligins (with NLmiRs) resulted in a reduction in mEPSC frequency 23 ( Fig. 4g,i) . Furthermore, we observed no difference in mEPSC amplitudes between NL-1 and NL-1 T739A or between GFP-and NLmiRtransfected cells (Fig. 4g-i) . Notably, neuroligin overexpression induced a reduction in mEPSC amplitude (Fig. 4g,h) , a likely outcome of exogenous neuroligin expression increasing cell size. Together these results implicate a role for T739 phosphorylation in NL-1-mediated synaptogenesis, a likely consequence of reduced surface expression.
T739A mitigates activity-induced effects of NL-1 NL-1 mobilization and surface expression can be dynamically modulated by high-frequency stimulation and synaptic plasticity 32, 33 . Does T739 phosphorylation function in activity-induced increases in NL-1 surface expression? To investigate this possibility, we used immunofluorescence confocal microscopy to compare the surface expression of NL-1 (wild type and T739A) with or without 2 h of BCC npg a r t I C l e S treatment (the same duration used to induce T739 phosphorylation; Fig. 3b,c) when expressed in cultured hippocampal neurons (using a setup analogous to that in Fig. 4 ). BCC induced a modest increase in NL-1 surface expression (Fig. 5a,b) . Notably, the activity-driven increase in NL-1 surface expression was eliminated in the T739A mutant (Fig. 5a,b) .
NL-1-induced potentiation is diminished by T739A
Postsynaptic expression of NL-1 results in a robust enhancement of excitatory postsynaptic currents 21, 23, [39] [40] [41] . Might T739 function in NL-1-induced synaptic potentiation? To test this possibility, we expressed NL-1 (wild type or T739A) in organotypic hippocampal slice cultures using sparse biolistic transfection, which allows for the simultaneous recording of evoked excitatory currents in both transfected and neighboring control cells. The magnitude of the evoked current in the transfected cell compared to the untransfected control cell functions as a readout of the experimental manipulation on synaptic strength. We previously saw no significant effect of activity block or the T739A mutant compared to the wild-type protein with high levels of NL-1 ) of cells transfected with GFP (n = 9), NLmiRs (P > 0.05, n = 9), NLmiRs plus NL-1 (P = 0.0028, n = 9) or NLmiRs plus NL-1 T739A (P = 0.0003, n = 9) as compared to GFP-transfected cells. NL-1 T739A had no change in mEPSC amplitude when compared to NL-1 (not significant (NS, P > 0.05), n = 9). (i) Spontaneous mEPSCs (mean frequencies ± s.e.m.) of cells transfected with GFP (n = 9), NLmiRs (P = 0.0031, n = 9), NLmiRs plus NL-1 (P = 0.0012, n = 9) or NLmiRs plus NL-1 T739A (P > 0.05, n = 9) as compared to GFP-transfected cells. NL-1 T739A reduces mEPSC frequency when compared to NL-1 (P = 0.0001, n = 9). *P < 0.05 **P < 0.01, ***P < 0.001. a r t I C l e S expression (data not shown) 23 . We wondered whether these high expression levels might have obscured any effect of activity and decided to reduce the expression level by placing the NL-1 gene after the internal ribosomal entry site (IRES). Under reduced expression levels, NL-1 was still able to robustly potentiate both AMPAR and NMDAR currents, but at these reduced levels, NL-1 T739A did not potentiate AMPAR (Fig. 6a,b) or NMDAR (Fig. 6c,d ) currents beyond those in neighboring control cells. Notably, the differences in synaptic strength between NL-1 and NL-1 T739A are not the result of changes in glutamate release, as paired-pulse ratios of AMPAR currents, a measure of presynaptic release probability, were unchanged in the transfected cells as compared to the untransfected cells (Supplementary Fig. 2a-c) .
A previous report highlighted that NL-1-mediated postsynaptic enhancement is dependent on synaptic activity and, specifically, CaMKII activation 21 . Notably, with the reduced expression level, we found that activity blockade with AP5 and NBQX mirrored the diminished postsynaptic enhancement seen with expression of NL-1 T739A (Fig. 6a-d) . Cells expressing NL-1 T739A with the same drug treatment did not display a further decrease in synaptic strength (Fig. 6a-d) .
Sensory experience induces NL-1 T739 phosphorylation
We then examined whether NL-1 T739 phosphorylation is modulated by synaptic activity in vivo. We initially discovered that T739 is robustly phosphorylated in the visual cortex, which is an area of sensory-evoked synaptic refinement 42 (Fig. 7a) . To accurately identify changes in phosphorylation levels between varying conditions and brain samples, we used protein lysate concentrations that did not saturate the amount of antibody we used for immunoprecipitation ( Supplementary Fig. 3a,b) . To test whether T739 phosphorylation is regulated by synaptic activity in vivo, we used a well-established dark-rearing paradigm that involves depriving mice of light for 5 d (postnatal day (P) 21-P26) and re-exposing them to light for 2 h (dark rearing plus light rearing). This procedure induces anatomical, functional and synaptic reassembly and refinement of cortical circuits in the developing visual cortex 42, 43 . Dark-reared mice had a reduction in T739 phosphorylation (Fig. 7b,c) compared to their light-reared littermates. Furthermore, dark-reared mice that were subjected to 2 h of light rearing had an increase in NL-1 T739 phosphorylation when compared to either light-reared or dark-reared littermates (Fig. 7b,c) . 
npg a r t I C l e S
These results show that increases or decreases in neuronal activity can modulate NL-1 T739 phosphorylation in vivo.
DISCUSSION
Our findings indicate a direct and previously unidentified functional interplay between NL-1 and CaMKII, two hallmarks of excitatory synapses, which results in the activity-dependent phosphorylation of NL-1 at residue T739. Furthermore, using a combination of techniques, we found that a nonphosphorylatable mutant, T739A, displayed diminished basal and activity-induced NL-1-mediated synaptic potentiation.
Notably, NL-3, the other neuroligin isoform that is known to localize to excitatory synapses and that can also dimerize with NL-1, does not undergo the same protein modification. This is also the case for NL-2, although its endogenous localization is restricted to inhibitory synapses (Fig. 1c) . When aligning the c-tail sequences of NL-1, NL-2 and NL-3, the analogous residue in NL-3 is an alanine and not a threonine and contains a glycine insertion within the RXXT CaMKII consensus motif of NL-1. Comparably, NL-2 contains a 12-aminoacid insertion in the corresponding region that is not contained in NL-1, NL-3 or NL-4. Therefore, the sequences of NL-2 and NL-3 are sufficiently divergent from that of NL-1 such that the consensus sequence is not conserved and is unsuitable for CaMKII phosphorylation. To the best of our knowledge, this is the first reported biochemical distinction between the c-tails of NL-1 and NL-3. Conventional domains on the c-tail such as the PDZ ligand and the gephyrin binding domain are conserved among all neuroligin isoforms (Fig. 1a) 15 . A newly discovered critical residue, which is important in regulating neuroligin-mediated postsynaptic effects at excitatory synapses, is evolutionarily preserved between NL-1 and NL-3 (NL-1 E747 and NL-3 E740; Fig. 1a) 23 . Additionally, a recent study found that Y782 is a phosphorylation site on the c-tail of NL-1 (ref. 44 ). This residue is conserved among all neuroligins (NL-2 Y770, NL-3 Y772 and NL-4 Y760; Fig. 1a ) and may be an evolutionarily conserved phosphorylation site. The importance of the phosphorylation of NL-1, but not NL-3, by CaMKII in this region may underscore differences in synaptogenic strength, mobility or subcellular localization between NL-1 and NL-3. Alternatively, it is possible that through dimerization with NL-1, T739 phosphorylation could regulate the cellular or surface localization of NL-3. All of these possibilities certainly deserve attention in future studies.
Our findings show that CaMKII phosphorylates NL-1 T739 in vitro, in heterologous cells and in neurons. PKA and PKC, two activitydependent kinases with similar consensus sequences and localizations to CaMKII, are unable to phosphorylate NL-1 T739 in vitro (Fig. 1e-g ). Moreover, knockdown of CaMKII in heterologous cells (Fig. 2b) and neurons (Fig. 3e-g ) results in a marked decrease in T739 phosphorylation. Likewise, overexpression of constitutively active CaMKII in heterologous cells results in a substantial increase in T739 phosphorylation (Fig. 2b,c) . Furthermore, the previous finding that NL-1 synaptic potentiation is diminished with chronic blockade of CaMKII again supports CaMKII-specific regulation of NL-1 (ref. 21 ). However, we cannot definitively rule out the possibility that other kinases phosphorylate T739.
In addition to the proper trafficking of NL-1 under basal conditions, there is literature suggesting that NL-1 mobility is upregulated after increases in activity, showing an increase in NL-1 surface expression specifically 32, 33 . Indeed, we were able to reproduce these findings, as we detected a significant rise in NL-1 surface expression after elevated network activity. Notably this activity-triggered increase was absent for NL-1 T739A, which is suggestive of a model in which activity promotes the phosphorylation of NL-1 T739 by CaMKII, further stabilizing or inducing the forward trafficking of NL-1 to the plasma membrane. It is tempting to speculate that this increase in surface expression might lead to activity-dependent synaptogenesis or spine growth. Notably, previous methods to assess activity-driven NL-1 mobility have varied in the stimuli or drug treatment protocol used, whether plasticity was induced and the techniques used to gauge surface expression 32 . It is possible there are different mechanisms of increasing NL-1 surface expression, which are examined under the varying protocols. Because of these caveats, we will refrain from concluding that T739 is the master switch in promoting activity-driven NL-1 surface expression. Additionally, there may be activity-dependent mechanisms that are independent of increasing NL-1 surface expression that contribute to the activity-dependent potentiation of NL-1. These possibilities, taken together with our results, still lead us to conclude that T739 is a prominent modulator of activity-induced NL-1 surface expression.
The molecular mechanism that regulates NL-1 surface expression through the phosphorylation of T739 by CaMKII remains to be elucidated. The substitution of T739 to an alanine (a phosphodeficient mutation) decreased the forward trafficking or stabilization of NL-1 at the cell surface. This result suggests that phosphorylation could promote a protein-protein interaction or break a retention interaction in the secretory pathway, thereby promoting or stabilizing NL-1 at the plasma membrane. The substitution of T739 to an aspartate also reduced surface expression of NL-1 (data not shown). This finding supports a dynamic role for T739 phosphorylation and is consistent with the nonphosphorylated threonine being critical at some stage of the trafficking process. Alternatively, the phosphomimetic may be unable to sterically mimic the phospho group, as is often seen in the literature 45 .
A previous report by our group failed to see an activity-dependent effect on NL-1-induced potentiation in organotypic slice cultures 23 . When animals were light reared, they were maintained on a normal day and night cycle, whereas dark-reared animals were in complete darkness for 5 d. Also shown is the regulation of NL-1 T739 phosphorylation in light-reared, dark-reared or dark-reared plus light-reared P26 visual cortices. Adult NL-1 knockout visual cortices served as negative controls, and actin served as a total protein control. Nonsaturating protein concentrations (0.25 mg) were used, as described in Supplementary  Figure 3a ,b. (c) pNL-1 (immunoprecipitated) to total NL-1 (input) (means ± s.e.m.) normalized to light-reared control (n = 7) for the dark-reared (P = 0.0156, n = 7) and dark-reared plus light-reared (P = 0.0469, n = 7) conditions. All comparisons between conditions were using littermates. *P < 0.05. Full-length blots are presented in Supplementary Figure 4 when applicable.
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A key distinction between the previous and current studies is that we previously used high expression levels of NL-1, whereas in the current study we reduced total NL-1 expression levels and observed a significant activity-dependent effect of NL-1, as well as a decrease in postsynaptic currents by T739A, neither of which we observed with high expression levels. These results suggest that relative neuroligin levels may be critical when assessing the trafficking or phenotypes of other neuroligin mutations. Furthermore, this finding may underlie the apparent inconsistencies in the literature that varied in promoter strength, method and efficiency of plasmid entry. Recent studies have identified an activity-dependent proteolytic cleavage of the extracellular domain of NL-1 that is regulated by the activation of NMDARs and, subsequently, CaMKII 37, 38 . How might CaMKII, or synaptic activity more generally, induce increases in NL-1 surface expression and cleavage? We did not directly assess NL-1 cleavage in the present study, but we did observe a reduction in endogenous NL-1 protein levels after 2 h of BCC treatment that was blocked in the presence of AP5 and NBQX (Fig. 3b,d) , with the most conceivable explanation being activity-induced NL-1 cleavage. As previously discussed, if network activity (a mechanism to activate CaMKII) promotes the surface expression of NL-1, it would present matrix metalloprotease 9 (MMP9) with more NL-1 substrate on the plasma membrane to cleave. Although increasingly complex hypotheses of how activity can regulate both NL-1 surface expression and cleavage are plausible, we deem this explanation to be the most parsimonious on the basis of the literature and our results.
The relationship between neuroligins and the etiology of autism remains unclear. Mutations in the extracellular domains of NL-3 and NL-4 have been associated with the disease, with a sole mutation having been found in the cytoplasmic tail of NL-4 (refs. 46-48). Although we cannot relate NL-1 T739 phosphorylation directly to the pathogenesis of autism, the principle of post-translational modifications modulating neuroligin function and subcellular localization may contribute indirectly to the pathology. Notably, NL-3 R451C, the most intensely studied neuroligin mutation in autism, displays secretory trafficking deficits and is retained in the endoplasmic reticulum, thus underlining the importance of the proper targeting of neuroligins and the drastic phenotypes seen by a single point mutant on localization 49 . We believe our findings elucidate a new avenue of future research, which may focus on how point mutations affect post-translational modifications that perturb neuroligin function.
Our present results further advance the neuroligin field and introduce a compelling new acute and local mechanism of neuroligin regulation: protein phosphorylation. Although protein phosphorylation has been shown to positively or negatively regulate numerous neuronal proteins, to our knowledge, this is the first isoform-specific phosphorylation site described on any neuroligin protein. Such a mechanism of regulation may also be observed in other neuroligin isoforms or in other recently discovered postsynaptic organizer molecules such as leucine-rich repeat transmembrane neuronal proteins (LRRTMs) and may contribute to isoform specificities seen in imaging and electrophysiological experiments 50 . Furthermore, the expanding association of neuroligins with cognitive disorders, particularly the implications of improper neuroligin trafficking, leads to speculation that better understanding of neuroligin function and regulation may provide therapeutic strategies for addressing synaptic dysfunction in clinical applications.
METHODS
Methods and any associated references are available in the online version of the paper. were washed extensively and permeabilized in 0.25% Triton X-100, blocked in 10% normal goat serum and labeled with anti-HA (rabbit, 1:200). After being washed with PBS, cells were labeled with Alexa 647-conjugated (blue) anti-rabbit secondary antibody (shown in white; 1:500) and mounted with a ProLong Gold Antifade kit (Molecular Probes). Experiments that involved treating cultures with DMSO or 40 µM BCC had drug application 2 h before surface staining. For endogenous VGLUT1 and PSD-95 staining, cells were fixed, permeabilized and blocked as described above and then labeled with anti-VGLUT1 (guinea pig, 1:5,000) and anti-PSD-95 (mouse, 1:100). After primary antibody incubation, the cells were washed extensively and labeled with Alexa 647-conjugated (blue) anti-guinea pig secondary antibody (shown in white; 1:500) and Alexa 555-conjugated (red; 1:500) anti-mouse secondary antibody and mounted as described above. All primary and secondary antibody incubations were performed in the BioWave Pro system (Pelco). Neurons were imaged with a 63× objective on a Zeiss LSM 510 confocal microscope. For analysis, images from three dendrites per neuron from at least seven neurons per experiment were collected and quantified by normalizing the fluorescence intensity of surface-expressed NL-1 (or T739A) with the fluorescence intensity of total NL-1 (or T739A) in each cell using MetaMorph Version 7 (Universal Imaging). The fluorescence intensities of VGLUT1 and PSD-95 were measured similarly with the number of colocalized puncta obtained from three to four regions of 30 µm per cell. Cell selection was not done in the blind and was based on positive transfection, but all data analyses were done in the blind. Three independent experiments were performed per experiment, and the number of neurons (n) per condition is shown in the corresponding figure legend.
electrophysiology. Whole-cell voltage clamp recordings of mEPSCs were performed in cultured hippocampal neurons. The time, duration and cotransfection protocol are analogous to the procedures used in the immunocytochemistry experiments. Recordings were made at 20-25 °C using glass patch electrodes filled with an internal solution consisting of 140 mM CsMeSO 4 , 5 mM NaCl, 10 mM HEPES, 10 mM ethylene glycol tetraacetic acid (EGTA), 4 mM Mg-ATP and 0.3 mM Na-GTP with a pH of 7.4 and Osm of 290 and an external solution containing 140 mM NaCl, 4 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2, 10 mM HEPES, 1 µM tetrodotoxin and 5 mM glucose. Cells cotransfected with NLmiRs and NL-1 (wild type or T739A) were visualized with fluorescence, mEPSCs were measured at −60 mV, and only cells with capacitances of 60 pF or above were analyzed to reduce variability. mEPSCs were measured offline with customized software (IGOR). Dual whole-cell recordings were made similarly using an internal solution containing 120 mM CsMeSO 4 , 20 mM CsCl, 4 mM NaCl, 10 mM HEPES, 4 mM NaCl, 0.4 mM EGTA, 0.3 mM CaCl 2 , 4 mM Mg-ATP, 0.3 mM Na-GTP and 5 mM QX-314 and an external solution containing 125 mM NaCl, 2.5 mM KCl, 4 mM MgCl 2 , 4 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 and 11 mM glucose bubbled continuously with 95% O 2 and 5% CO 2 . Recordings were made in the presence of picrotoxin (100 µM) to block inhibitory currents at −70 mV (AMPA) and +40 mV (NMDA). AMPAR-mediated currents were measured at the peak of the current, whereas NMDAR-mediated currents were measured 100 ms after the simulation. Slices pretreated with AP5 and NBQX had the drugs washed out before recordings were made. The paired-pulse ratio was determined by providing two pulses separated by 40 ms. The ratio was expressed as the peak current of the second EPSC over the peak current of the first EPSC. Cell selection was not done in the blind and was based on positive transfection, but all data analyses were done in the blind. At least three independent experiments were performed per condition, and the number of neurons per mEPSC or dual whole-cell recording (n) per condition is shown in the corresponding figure legend.
dark rearing experiments. Male and female C57BL/6J littermates were maintained in a traditional light and dark cycle (12 h light, 12 h dark) from P0 to P26 (light reared), were relocated to complete darkness from P21 to P26 (dark reared) or were transferred to darkness from P21 to P26 and shifted back to light for 2 h before euthanization (dark reared plus light reared). The primary visual cortex was macrodissected in the dark for the dark-reared condition or in the light for the light-reared and dark-reared plus light-reared conditions. Homogenization of the visual cortex and NL-1 immunoprecipitations were performed as described in the section on immunoblotting.
Statistical analyses. The statistical significance of the immunoblots, immunocytochemistries, mEPSCs and dual whole-cell recordings was tested using a Mann-Whitney U test. The data distribution was assumed to not be normal. All experiments were done at least three independent times. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those reported in the literature. All data were collected and processed randomly. 
